Processing speed (PS) is an individual cognitive ability that measures the speed with which individuals execute cognitive tasks, particularly elementary cognitive tasks. PS has been proposed to be a key cognitive component, along with working memory, and is psychologically and clinically important. Various types of speed training affect performance of untrained cognitive measures. In this article, we review studies of PS training or training involving speeded tasks and describe the methodologies along with the psychological and neuroimaging fi ndings related to PS training. There are various types of PS (speed) training tasks. Evidence indicates that PS training can enhance performance on untrained speeded tasks. However, the extent of transfer may vary depending on the methodology. A particular type of speed training seems to affect mental health in older adults. Neuroimaging studies of speed training have shown that the effects of speed training on neural mechanisms may vary depending on the training tasks. Adaptive procedures to modulate the diffi culties of training tasks based on a subject ' s performance by modulating the task speed can be applied to various cognitive tasks, and these procedures can perhaps be used to develop training protocols for enhancing various cognitive functions.
Introduction
Processing speed (PS) is an individual cognitive ability measuring the speed with which individuals execute cognitive tasks, particularly elementary cognitive tasks (Salthouse , 1996 ) . PS along with working memory (WM), which is a limi ted capacity storage system involved in the maintenance and manipulation of information over short periods of time, has been proposed to be a key cognitive component in a wide range of cognitive domains and in psychometric intelligence (Kail and Salthouse , 1994 ; Fry and Hale , 2000 ) . The development of intelligence is largely explained by the development of WM capacity, and the development of WM capacity is largely explained by the development of PS (Fry and Hale , 2000 ) . PS is also clinically important because impaired PS is associated with normal aging (Wechsler , 1997 ) and neurological and psychiatric disorders such as schizophrenia (Br é bion et al., 1998 ) , multiple sclerosis (Rao et al. , 1989 ), Parkinson ' s disease (Lee et al. , 2003 ) , periventricular white matter hyperintensities (Van den Heuvel et al. , 2006 ) , type 1 diabetes (Northam et al. , 2001 ) , late-life depression (Sheline et al. , 2006 ) , systemic lupus erythematosus (Shucard et al. , 2004 ), Alzheimer ' s disease (Karlinsky et al. , 1992 ) , and human immunodefi ciency virus infections (Ollo et al. , 1991 ) . Moreover, PS defi cits are suggested to mediate defi cits of higher-order cognitive functions in these disorders (Br é bion et al., 1998 ; Lee et al. , 2003 ; Sheline et al. , 2006 ) .
Previous neuroscientifi c fi ndings have indicated that the frontal lobe, particularly the dorsolateral prefrontal cortex (DLPFC), brain connectivity, and each brain region involved in information processing are related to PS and rapid cognitive processes. Reduced PS is related to ischemic stroke in the frontal lobe (Leskel ä et al., 1999 ) and lesions in the DLPFC (Stuss et al. , 2003 ) . In subjects with slower PS, prefrontal regions are recruited more for successful task performance (Rypma et al. , 2006 ) . Furthermore, subjects with higher PS show higher functional connectivity (FC) between brain regions during task performance (Rypma et al. , 2006 ) . Higher white matter structural integrity in the parietal and visual cortices is associated with higher PS during a visual task (Tuch et al. , 2005 ) . Slowed PS seems to be the central cognitive defi cit in patients with multiple sclerosis, which is characterized by a white matter defi cit (Demaree et al. , 1999 ) . Finally, rapid cognitive processes of some information are associated with increased recruitment of brain regions that are involved in the processing of particular information. For example, the left insula is associated with linguistic and fl uent linguistic output (Flaherty , 2005 ) . The superior temporal gyrus is involved in auditory and rapid auditory processing (Poldrack et al. , 2001 ) . Then, can PS and the associated cognitive functions, disabilities, or neural systems be improved by any means?
Various types of PS training have been conducted. As described here, training tasks vary from study to study; some are simple and some complex, some are auditory tasks and some visual tasks. The two biggest studies, the so-called ACTIVE and SKILL studies, utilized a highly complex visual speed training task, which is similar to the task that predicts daily performance and mobility outcomes among older adults. These studies investigated the effects of PS training on various measures in the elderly . In particular, the former study involved several hundred subjects in a PS training group as well as a control group. The latter study involved 100 subjects in a PS training group as well as a control group. These studies revealed the effect of PS training on a task similar to the training as well as driving related measures and mental health. Our recent study utilized various simple PS tasks and investigated the effects of PS training on cognitive functions and neural mechanisms in young subjects. Here we have reviewed these and other studies of PS training and described the methodologies and the psychological and neuroimaging fi ndings of PS training. We have included various types of training studies in which training tasks are sped up in certain ways and referred to them as PS training in this review, although they are not necessarily called PS tasks in traditional psychology.
PS training methodologies
Most PS training tasks are computerized and performed in an adaptive manner, which means that the diffi culties of the tasks are modulated based on the subject ' s performance. Computerized training has made it easier to adjust the task level automatically. Many studies of PS training have been conducted to date, and the training methodology varies based on the length and the task used in training, the number of training tasks used (1 -10 tasks), subject characteristics (e.g., age, cognitive functions), and measures used to investigate the effect of training. The cognitive test batteries noted in this review are summarized in Table 1 , and the methods and results of studies of PS training are summarized in Table 2 .
Training tasks
We classifi ed the tasks into four categories. (1) Simple paper and pencil PS tasks. In our previous study, we used simple paper and pencil PS tasks, which were part of the training protocol in our previous study (Takeuchi et al. , 2011b ) , together with its computerized version. During these tasks, (Lezak, 1995) Visuospatial working memory, short-term memory Block Design (WAIS) (Wechsler, 1997) Visuospatial problem solving (non-verbal reasoning) Choice reaction time (CRT) in the driving simulator measure (CTRd) (Roenker et al., 2003) PS Controlled Oral Word Association Test (Benton and Hamsher , 1983 ; Lezak, 1995) Verbal fl uency, executive functions of mental fl exibility and initiation Digit span (forward/backward) (Edwards et al., 2005) Verbal working memory, short-term memory Digit symbol substitution (WAIS) (Wechsler, 1997) PS Facial Recognition (Benton et al. , 1994 ) Face recognition without demand on memory and PS Finding A's (Ekstrom et al., 1976) PS, visual scanning Identical Pictures (Ekstrom et al. , 1976 ) PS Information (WAIS) (Wechsler, 1997) Crystallized intelligence Letter comparison task (Salthouse , 1991 ) PS Minimum Data Set-Home Care (MDS-HC) (Morris et al. , 1997 ) Activity of daily living and Instrumental Activities of Daily Living Paced Auditory Serial Addition Test (PASAT) (Gronwall , 1977 ) Sustained attention and working memory Pattern comparison task (Salthouse, 1991) PS Raven matrices tests (Raven, 1998) Non-verbal reasoning Rey-Osterrieth Complex Figure Test (Rey-O) Copy (Lezak, 1995) Perceptual organization and planning Rey-Osterrieth Complex Figure Test (Rey-O) Recall (Lezak, 1995) Visual memory, perceptual organization and planning Road Sign Test (RST) (Ball and Owsley, 2000) Daily visual search skills and visual speed in the driving simulator format Simple reaction time (SRT) in the driving simulator measure (SRTd) PS Spatial span (forward/backward) (Edwards et al., 2005) Visuospatial working memory Starry Night (Rizzo and Robin , 1996 ; Rizzo et al. , 1997 ) (Peripheral) Visual sensory function, attention over a spatial array and time Stroop (Edwards et al., 2005) Inhibition, executive functions Timed Instrumental Activities of Daily Living (Timed IADL) Speed in the conditions that simulate the everyday instrumental activities of daily living Test of Non-Verbal Intelligence (TONI) (Mackey et al., 2011) Non-verbal reasoning Trail Making Test A (Lezak, 1995) PS, visual scanning Trail Making Test B, Trail Making Test B-A (Lezak , 1995 ) Executive function, mental set fl exibility Useful Field of View (UFOV) Visual PS that predicts crash involvement Mean age of all subjects (intervention groups
c Some of these subjects completed follow-up training sessions.
d
Superior improvements in performance were observed in the control groups.
e
The effects of training on these measures were not directly compared between the PS training and control groups in this study.
f
In this study, the reasoning training group acted as the control group for the PS measure, and the PS training group acted as a control group for the reasoning measure.
g In total, 39 subjects were assigned to the group that underwent PS training in the laboratory and 61 subjects were assigned to the group that underwent PS training at home. Table 2 (Continued) subjects had to perform simple PS tasks within a limited time as much as possible and with utmost accuracy as in cognitive PS tests, and the procedure was repeated. In the paper and pencil type tasks, diffi culties of the tasks cannot be modulated based on the subject ' s performance through the use of computers, which are known to make the training effective (Klingberg et al. , 2002 ) . However, subjects can increase cognitive load to a maximum by way of trying to solve the task as fast as possible. One example in our previous study was similar to the visual number matching task (Woodcock , 1997 ) . In this task, rows of six double-digit numbers were printed on a paper with two identical numbers in each row (e.g., 37 65 43 37 28 88). Subjects were instructed to circle either of the identical digits in each row. Furthermore, we have conducted studies of training that involves solving an arithmetic problem as quickly as possible in a limited time, together with other training tasks, although they are not necessarily called PS training (Nouchi et al. , 2012 ; H. Takeuchi et al. , submitted for publication ). Training in both of these studies led to improved performance on untrained PS tasks, and the arithmetic problem training task may have had an impact on the PS tasks as well. (2) Simple computerized PS tasks. In our previous study, we used simple computerized PS tasks, which were part of the training protocol in our previous study (Takeuchi et al. , 2011b ) . One type of this task is the modifi ed version of the 0-back task (Takeuchi et al. , 2012a ) . In these tasks, each stimulus corresponded to each button on the keyboard. For all of these tasks, a particular type of stimulus was presented successively. In each trial, subjects had to push a corresponding button in response to a certain stimulus before the presentation of the next stimuli. Other tasks include computerized versions of PS tasks that were developed as paper and pencil tasks, such as the number comparison task (Earles and Kersten , 1999 ) . In this task, a pair of number strings containing three single-digit numbers (0 -9) was presented visually and subjects had to decide whether the strings were the same when reordered. If the strings were the same, the subjects pushed a particular button. If they were not the same, the subjects had to push another button. The stimulus presentation rate during these tasks was modulated based on the subject ' s performance. (3) Computerized rapid recognition tasks. In our previous study, we used computerized rapid recognition tasks, which were part of the training protocol in our previous study (Takeuchi et al. , 2011b ) . During these tasks, a particular stimulus (e.g., single-digit numbers from 1 to 4) was rapidly presented in succession. Subjects had to push a prespecifi ed button within 1 s after the same stimulus was presented three times in a row. The stimulus presentation rate was modulated based on the subject ' s performance. (4) Miscellaneous games. Mackey et al. (2011) used a cognitive speed training program consisting of miscellaneous games for children who were the study subjects. The program incorporated a mix of commercially available computerized and non-computerized games, as well as a mix of games that were played individually or in small groups. Games selected for speed training involved rapid visual processing and rapid motor response. This PS training led to signifi cant improvements in standardized PS measures. We were sure whether these improvements corresponded to near transfer or far transfer because there were many training tasks and because details of the tasks were not described. (5) Choice reaction time tasks. Some studies included choice reaction time tasks together with other training tasks without adaptive procedures to modulate diffi culty. In choice reaction time tasks, stimuli were presented randomly, and subjects had to push buttons that corresponded to the presented stimuli as fast as possible (Klingberg et al. , 2002 ; Schmiedek et al. , 2010 ) . (6) Visuospatial divided attention speed tasks [Brief exposure visuospatial divided + non-divided attention task (with/without auditory components)]. The ACTIVE study and some other relevant studies used this computerized task (Jobe et al. , 2001 ). According to Jobe et al. (2001) , this task focuses on improving visual search speed and the ability to perform one or more attentional tasks quickly. Diffi culty was modulated by reducing the stimulus duration and by making the rules of the tasks progressively more complex. In the simplest task (task 1), participants were asked to identify objects at increasingly brief exposures. Once this ability was mastered in the shortest possible stimulus duration, participants proceeded to task 2. In task 2, participants were asked to divide their attention between two tasks: stimulus identifi cation in the center of a large computer monitor and localization of another target presented somewhere in their peripheral vision. Task diffi culty was increased by either decreasing the stimulus duration, expanding the area within which targets could be localized, or increasing the diffi culty of the central identifi cation task. Once this task was mastered for the most diffi cult condition, subjects proceeded to task 3. Task 3 added visual distractors to the stimulus display. Task 4 was the most diffi cult training condition. In task 4, task demand was increased even further by superimposing an auditory identifi cation component over the visual tasks. Thus, these tasks were complex and included components of identifying stimuli during brief exposures, dividing attention (within modalities and across modalities), ignoring attention distractors, and increasing visual areas. Some studies (Edwards et al. , 2002 ) used tasks 1 -3 (without the auditory component), whereas other studies (Jobe et al. , 2001 ) used tasks 1 -4 (with the auditory component in task 4). Tasks 1 -3 are very similar to the useful fi eld of view (UFOV) task (Edwards et al. , 2002 ) , which is a good predictor of daily performance and mobility outcomes among older adults . (7) Speed training protocols that focus on specifi c modalities. Some training studies focused on improving PS of certain types of modalities. For example, Irausquin et al. (2005) developed training aimed at improving the speed of word identifi cation and comprehension. One of the tasks in this training is the fl ash words task. During this task, the computer presented a spoken word, after which fi ve written words were fl ashed consecutively in the center of the screen. The words differed only in one grapheme and were fl ashed with a particular interstimulus interval. Subjects had to click on the screen button below the frame as quickly as possible when they saw the heard word. The interstimulus interval was modulated based on the subject ' s performance.
Factors that affect training
In studies of WM training, training involving teaching strategies for problem solving failed to cause a transfer effect. Continuous modulation of the diffi culties of training tasks based on the subject ' s performance in an adaptive manner is important for eliciting the transfer effects of training (Klingberg , 2010 ; Takeuchi et al. , 2010b ) . This type of adaptive training also enhances sensory discrimination and induces cortical plasticity in sensory and motor cortices (Tallal et al. , 1996 ; Buonomano and Merzenich , 1998 ) . Thus, an adaptive procedure instead of a teaching strategy may be important for PS training to have its effect on measures other than the tasks similar to trained tasks. In a series of studies that used PS training of visuospatial divided attention speed tasks, there were three groups other than the PS training group, namely a reasoning training group, a memory training group, and a no intervention group. Adaptive procedures and not teaching strategies were used in the PS training group, whereas teaching strategies and not modulation of the task based on a subject ' s performance was followed in the memory and reasoning training group. In these studies, PS training led to improved health-related quality of life, predicted medical expenditures, self-rated health, and protection against depression (Wolinsky et al. , 2006a (Wolinsky et al. , ,b, 2009b (Wolinsky et al. , ,c, 2010 , whereas the effects of reasoning and memory training on these measures were less clear or not substantially different from those of no intervention. These differences in effects may be partly attributable to differences in usage of adaptive procedures and teaching strategies among training groups (Wolinsky et al. , 2010 ) . PS training conducted at home has effects comparable to the effects of training conducted at the laboratory by a trainer (Wadley et al. , 2006 ) . This may help computerized training.
Although the effects of the following factors on training outcomes have not been specifi cally examined in studies of PS training, factors such as motivation, arousal, performance feedback, variability in the training tasks, and larger duration of training may increase the effects of training or effi ciency of learning (Green and Bavelier , 2008 ; Takeuchi et al. , 2010b ) . Furthermore, the variability of the training tasks is important for generalizing training effects to untrained tasks (Sweller et al. , 1998 ; Yamnill and McLean , 2001 ; Takeuchi et al. , 2010b ) . Moreover, when the same amount of training is conducted sparsely over a longer period, the training effects are retained for longer periods (Takeuchi et al. , 2010b ) . However, results of investigations determining whether sparse training is more effective than concentrated training are controversial (Takeuchi et al. , 2010b ) . Thus, these factors may have to be considered when training protocols are designed.
Other factors that relate to the training effect are subject characteristics such as age and cognitive functions before the intervention. Ball et al. (2007) analyzed six studies that conducted PS training of visuospatial divided attention speed tasks. This analysis revealed that individual improvements in performance on the UFOV task, which is a main outcome measure and very similar to the training task, following the intervention were strongly and negatively correlated with performance on the UFOV task before the intervention (the worse the initial performance, the larger the training-related improvement). That study also revealed factors that can relate to a worse performance of the UFOV task before the intervention, such as older age, lower education level, and worse mental state (before the intervention) also positively correlated with training-related improvement in performance on the UFOV task. Furthermore, PS training of visuospatial divided attention speed tasks did not seem to improve driving-related measures in healthy older adults . However, when the training was conducted with healthy older adults and a risk of driving mobility decline, the training was effective in improving the driving-related measures (Edwards et al. , 2009b ) . However, this may have been the result of the sensitivity of the measure or ceiling effects caused by the better performance before the intervention. This is because a previous intervention study of WM training showed that older adults exhibit decline in neural plasticity and show fewer transfer effects (Dahlin et al. , 2008 ) .
Finally, the training contents may affect the training effect described below. Various types of PS training tasks are available. In studies of WM training, training contents such as whether the training includes dual WM tasks may affect the training outcomes (Takeuchi et al. , 2010b ) . The same thing may be true for PS training, and PS training task factors such as stimulus type may affect training outcomes as described below.
Effect of PS training on cognitive functions
The effects of PS training on behavioral measures have been investigated in previous studies. The results of these studies showed that the effects of PS training on tasks similar to training tasks are robust. However, the effects of this training on PS measures or speeded tasks that are not similar to the training tasks are observed occasionally but are not very robust. Furthermore, previous studies on PS training rather consistently failed to identify an effect of PS training on the paper and pencil measures, which measure cognitive functions other than PS, non-speeded measures, and cognitive tasks well related to training tasks. However, this may depend on the type of training task. Furthermore, studies of PS training of visuospatial divided attention speed tasks, which are similar to the task that predicts driving performance as described above, showed PS training effects on driving-related measures and mental health in older adults.
PS measures and near transfer
Previous studies revealed that the effects of PS training on tasks similar to training tasks are robust. However, the effects of this training on PS measures or speed tasks that are not similar to the training tasks are observed occasionally but are not very robust (occasionally not observed and often statistically only marginally signifi cant). Mackey et al. (2011) used a cognitive speed training program consisting of miscellaneous games for children, as described above. PS training in this study led to improvements in performance on standardized PS measures compared with the training with similar miscellaneous games that emphasized reasoning. Although we could not determine whether these improvements corresponded to near transfer or far transfer because there were many training tasks and details of the tasks were not described. Irausquin et al. (2005) investigated the effect of computerized training aimed at improving the speed of word identifi cation and comprehension on children with poor reading abilities. Compared with control training, this training led to increased word and text reading effi ciency. This training did not increase the accuracy of these tasks but led to increased speed of these tasks. It seemed that the effect of training was transferred to reading of more complex words than the trained ones and reading of the connected text of a higher complexity than the trained one. No effects were found for reading comprehension. These results suggest that speed training involving certain stimuli modalities can enhance the speed of processing information from those modalities.
Our previous study (Takeuchi et al. , 2011b ) used a 1-week intensive training program consisting of paper and pencil PS training tasks, computerized simple PS tasks, and computerized rapid recognition tasks for young adults. PS training in that study led to signifi cant and substantial improvement in performance on simple PS tasks, which was unlike any of the training tasks. This training also led to improved performance on a complex arithmetic task but not on a simple arithmetic task in which subjects had to solve arithmetic problems as fast as possible. The training also led to substantial improvement in performance on an intelligence test consisting of speeded tasks. However, these improvements were either substantially or marginally statistically signifi cant ( p = 0.01 -0.06) and must be replicated.
Training involving visuospatial divided attention speed tasks shows a prominent effect on the nearest transfer tasks (the UFOV task). However, the effects of training involving these tasks on other PS measures are limited. These training tasks are very similar to the UFOV task. Edwards et al. (2002) showed that PS training of this type in older subjects with health problems led to clear improvements in performance on the UFOV task. It also led to a marginally signifi cant improvement in performance on the timed instrumental activities of daily living (IADL) task, which measures speed in conditions that simulate everyday IADL ( p = 0.049, uncorrected for 16 tests). However, it did not lead to improvements in performance on the Road Sign Test, which measures daily visual search skills and visual speed in a driving simulator format. It also did not lead to improvements in performance on other paper and pencil PS measures such as Finding A's, identical pictures, letter and pattern comparison, and digit symbol substitution. Edwards et al. (2005) showed that PS training of this type in older subjects with PS diffi culties led to improvements in performance on the UFOV and timed IADL tasks. However, it did not lead to improvements in performance on the Road Sign Test or other paper and pencil PS measures such as the letter comparison, pattern comparison, digit symbol substitution tasks, and Trail Making Test A. Vance et al. (2007) and Wadley et al. (2006) showed that PS training of this type in older subjects with PS diffi culties led to improvements in performance on the UFOV task. However, it did not lead to improvements in performance on the Road Sign Test in either study. Roenker et al. (2003) showed that PS training of this type in older drivers with mobility risks led to improvements in performance on the UFOV task compared with driving simulator training. It also led to improvements in performance on the choice reaction time task in the driving simulator. However, it did not lead to improvements in performance on the simple reaction time task in the driving simulator. Ball et al. (2002) showed that PS training of this type in older healthy subjects led to improvements in performance on the UFOV task. However, although the PS training and control groups had > 700 subjects, PS training did not lead to signifi cant improvement in daily speed composite score, which is calculated from two complex reaction time tasks and the timed IADL task after the training. The non-signifi cance of the results of this study, which is in contrast to the results of the above-mentioned studies, may be a consequence of the characteristics of the subjects included in the study (healthy subjects without a PS decline risk). However, when follow-up concentrated training was conducted just before a follow-up evaluation, follow-up PS training had an effect on performance with regard to daily speed measures as well as the UFOV task Willis et al. , 2006 ) .
Differences in results can be attributed to many factors such as differences in training tasks. However, as more transfer effects are observed in studies with children and young adults as described above, higher plasticity in younger adults may be one of the reasons (Dahlin et al. , 2008 ) .
Other performance cognitive measures
The effects of PS cognitive training on cognitive domains other than PS may be less pronounced, and previous studies rather consistently failed to determine the effects of PS training on non-PS cognitive performance measures. Mackey et al. (2011) used a cognitive speed training program consisting of miscellaneous games for children. PS training in this study led to improvements in performance on standardized PS measures compared with the training with similar miscellaneous games that emphasized reasoning. By contrast, the training of reasoning in this study led to improvements in performance on standardized reasoning measures compared with the training with similar miscellaneous games that emphasized PS. There were no PS trainingrelated improvements in performance on WM cognitive measures.
Our previous study (Takeuchi et al. , 2011b ) used a 1-week intensive training program consisting of paper and pencil PS training tasks, computerized simple PS tasks, and computerized rapid recognition tasks in young adults. However, it did not lead to any non-verbal reasoning measures (Raven ' s Advanced Progressive Matrices and Cattell ' s Culture Fair Test), WM measures (digit span and visuospatial span), inhibition measures (Stroop task and reverse Stroop task), or creativity measures (S-A creativity test). Edwards et al. (2002) showed that PS training of visuospatial divided attention speed tasks in older subjects with health problems did not lead to improvements in performance on (a) executive function measures such as the Stroop task and Trail Making Test B-A, (b) short-term memory measures such as the Benton Visual Retention Test, Rey-Osterrieth Complex Figure Test , and digit span, and (c) other measures such as the Block Design (visuospatial problem solving), Information task (crystallized intelligence) in the Wechsler Adult Intelligence Scale (WAIS) and the Facial Recognition. It also led to a signifi cant decrease in performance on other verbal executive function measures (Controlled Oral Word Association), which may have been caused by multiple comparisons. Edwards et al. (2005) showed that PS training of visuospatial divided attention speed tasks in older subjects with PS diffi culties did not lead to improvements in performance on (a) executive function measures such as the Stroop task and Trail Making Test B and (b) short-term memory measures such as digit span and spatial span. Vance et al. (2007) showed that PS training of visuospatial divided attention speed tasks in older subjects with PS diffi culties led to improvements in performance on the Starry Night task (peripheral visual sensory function and attention over a spatial array and time) and the Rey-Osterrieth Complex Figure Copy Test (the visual-related task), although these results were not so statistically robust considering the number of multiple comparisons, and the authors suspended conclusions on the basis of the results of these tests. The training did not lead to improvements in performance on executive function measures (Trail Making Test B), short-term memory measures (Benton Visual Retention Test and Rey-Osterrieth Complex Figure Recall Test) , and attention measures (Paced Auditory Serial Addition Test). Wadley et al. (2006) showed that PS training of visuospatial divided attention speed tasks in older subjects with PS diffi culties did not lead to improvements in performance on executive function measures (Trail Making Test B) and shortterm memory measures (Benton Visual Retention Test) . Ball et al. (2002) showed that PS training of visuospatial divided attention speed tasks in older healthy subjects did not lead to signifi cant improvements in composite scores for daily problem solving and performance on the minimum data sethome care (MDS-HC), a measure of activities of daily living and IADL. This non-signifi cance occurred despite > 700 subjects being enrolled in each of the PS training and control groups. However, when follow-up concentrated training was conducted just before the follow-up evaluation, follow-up PS training had a marginally signifi cant ( p = 0.04, uncorrected) effect on performance on MDS-HC as well as the IADL diffi culty measure in MDS-HC (Willis et al. , 2006 ) .
Effects of PS cognitive training on cognitive domains other than PS or near transfer tasks were not observed. However, when younger adults who exhibited higher plasticity and showed more transfer (Dahlin et al. , 2008 ) were trained, speeded training tasks for complex cognitive tasks may lead to different results. In another study (H. Takeuchi et al. , submitted for publication ), we used a training program consisting of paper and pencil fast simple numerical calculation training tasks and computerized fast simple numerical calculation tasks in a 1-week intensive training of young adults. This training led to improvements in performance on simple PS and speeded executive functioning measures (Stroop task; Takeuchi et al. , 2012b ) together with performance on simple and complex arithmetic tasks. In another study (H. Takeuchi et al. , submitted for publication ), we used a training program consisting of computerized multitask training tasks in a 4-week training program of young adults. This training led to improvements in performance on simple PS and speeded executive functioning measures (Stroop task; Takeuchi et al. , 2012b ) and creativity task (Takeuchi et al. , 2010c (Takeuchi et al. , ,d, 2011a . However, some of these results were statistically fragile and warrant replication.
Measures related to health and mental health
Effects of PS training on health, quality of life, and mental health have been investigated in a series of studies that used PS training of visuospatial divided attention speed tasks. These studies revealed the effect of PS training on these measures in older adults.
The ACTIVE study showed that compared with the control group, the group that underwent PS training of visuospatial divided attention speed tasks incurred signifi cantly less predicted annual expenditures at 1 year after the training ($223; p = 0.024) (Wolinsky et al. , 2009a ) . Furthermore, the study showed that compared with the control group, the group without suspected clinical depression who underwent PS training of visuospatial divided attention speed tasks incurred signifi cantly less likelihood of developing suspected clinical depression at 1 year after the training (odds ratio = 0.62; p < 0.01) (Wolinsky et al. , 2009b ) . However, the same study showed that compared with the control group, the group with suspected clinical depression who underwent PS training of visuospatial divided attention speed tasks did not exhibit signifi cant recovery from suspected clinical depression (Wolinsky et al. , 2009b ) . This lack of a signifi cant difference may have resulted from a lack of statistical power because of sample size differences between the groups. In addition, the ACTIVE study showed that compared with the control group, the group that underwent PS training of visuospatial divided attention speed tasks exhibited lower chances for a clinically important increase in depressive symptoms at 1 and 5 years after the training (Wolinsky et al. , 2009c ) . The study also showed that compared with the control group, the group that underwent PS training of visuospatial divided attention speed tasks was less likely to experience extensive health-related quality of life diffi culties at 2 (odds ratio: 0.643, p = 0.004) (Wolinsky et al. , 2006b ) and 5 years after the training (Wolinsky et al. , 2006a ) and had signifi cant improvements in self-rated health at 2, 3, and 5 years after the training. The signifi cant improvements at 2 years were statistically robust ( p = 0.006). However, the ACTIVE study involved follow-up training (in a subset of subjects), and the above-mentioned results do not always indicate training effects that lasted for several years.
Driving-related measures
Effects of PS training on driving-related measures have been investigated in a series of studies that used PS training of visuospatial divided attention speed tasks. These studies revealed the effects of PS training on driving-related measures in older adults with a risk of cognitive or mobility decline. These training tasks were very similar to the UFOV task (Edwards et al. , 2002 ) . The UFOV task is a good predictor of daily performance and mobility outcomes among older adults . Thus, the below-mentioned effects of PS training, despite the limited effects of PS training of this type on paper and pencil PS measures, might be attributed to the specifi c characteristic of these visuospatial divided attention speed training tasks.
The ACTIVE study showed that the elderly group that underwent PS training of visuospatial divided attention speed tasks exhibited signifi cantly fewer motor collisions in real life over a 6-year period after the training, which was approximately 50 % lower than that exhibited by the control group [collision rate ratio = 0.57, 95 % confi dence interval (CI) = 0.34 -0.96] . Moreover, the ACTIVE and SKILL study data showed that the group that underwent PS training of visuospatial divided attention speed tasks had a marginally signifi cant less likelihood to stop driving over a 3-year period after the training (cessation possibility ratio = 0.596, 95 % CI = 0.356 -0.995) (Edwards et al. , 2009a ) . Furthermore, the SKILL study data showed that the group that underwent PS training of visuospatial divided attention speed tasks consisting of drivers with a mobility risk showed less degradation in driving pace and driving exposure and fewer driving diffi culties at 3 years after the training than the control group (Edwards et al. , 2009b ) . Roenker et al. (2003) showed that PS training of visuospatial divided attention speed tasks in older drivers with a mobility risk led to fewer dangerous maneuvers during a driving simulation compared with driving simulator training. The training led to worse performance on some driving simulator measures; however, it did not lead to signifi cant changes in performance on other driving simulator measures. However, because these results were obtained when compared with driving simulator training, it does not mean that PS training of visuospatial divided attention speed tasks is ineffective. Ball et al. (2002) showed that PS training of visuospatial divided attention speed tasks in older healthy subjects did not lead to signifi cant improvements in driving habits, although each group had > 700 subjects. It is perhaps diffi cult to detect the effects of PS training of healthy drivers in visuospatial divided attention speed tasks.
Effects of PS training on neural systems
In our previous study (Takeuchi et al. , 2011b ) , we used a 1-week intensive training program consisting of paper and pencil PS training tasks, computerized simple PS tasks, and computerized rapid recognition tasks in young adults and investigated the effect of simple PS training on neural systems. PS training in this study led to (a) increase in functional activity related to simple cognitive processes (but not those related to WM) in the left perisylvian region, (b) decrease in the gray matter structures of the left superior temporal gyrus and bilateral regions around the occipitotemporal junction, and (c) increase in resting FC between the left perisylvian area and the area that extends to the lingual gyrus and calcarine cortex. Neural changes in the left perisylvian area and left temporal gyrus may refl ect training-related neural changes in linguistic and auditory processes. The neural changes in occipital areas may refl ect neural changes in visual cognitive processes. This is because these regions are related to the above-mentioned cognitive processes and our training strongly involved all auditory, linguistic, and visuospatial components (Takeuchi et al. , 2011b ) . These results can be interpreted as: PS training affects brain areas involved in processing information from modalities related to the trained stimuli.
Although this simple PS training did not lead to signifi cant neural changes in the prefrontal regions, despite the association between PS and prefrontal regions, neural changes may depend on what type of speeded training tasks are used. In another study (H. Takeuchi et al., submitted for publication), we used a training program consisting of paper and pencil and computerized fast simple numerical calculation tasks in a 1-week intensive training program of young adults. This training was associated with reduction in regional gray matter volume (rGMV) and an increase in regional cerebral blood fl ow (rCBF) during rest in the frontopolar areas and a weak but widespread increase in resting rCBF in an anatomical cluster in the posterior region. Our previous functional magnetic resonance imaging (fMRI) study showed that the prefrontal regions are increasingly recruited when more cognitively complex tasks are sped up than when cognitively simple tasks are sped up (Takeuchi et al. , 2012a ) . Taken together, complex speed training tasks may be associated more with prefrontal neural changes.
Consistent with this notion, in another study (H. Takeuchi et al., submitted for publication), we used a training program consisting of computerized multitasking training tasks in a 4-week training program of young adults. This training led to (a) increased rGMV in three prefrontal cortical regions (left lateral rostral PFC, DLPFC, and the left inferior frontal junction) and the left posterior parietal cortex as well as (b) decreased resting FC between the right DLPFC and an anatomical cluster around the ventral anterior cingulate cortex (ACC). It was also associated with (c) increased resting rCBF in a weak but widely spreading anatomical cluster that included ACC and the right lateral PFC.
Training protocols other than PS training that improve PS
Some other training programs improve performance on PS tasks. One such program focuses on visual and auditory selective attention (Mozolic et al. , 2011 ) . This training actively suppresses increasingly distracting background noise during task performance. Healthy older participants who participated in this training showed improvements in performance not only on selective attention measures but also on PS and dual task completion measures. This might be because selective attention is also important for performance on PS measures (Schear and Sato , 1989 ; Ellingsen et al. , 2001 ) .
Furthermore, playing action video games results in improved PS across various perceptual and attentional tasks (Dye et al. , 2009 ). For example, older subjects who played videogames, including Donkey Kong, developed improved reaction time (Clark et al. , 1987 ) .
Uninvestigated issues
As has been described, PS training with different stimuli or tasks can be considered to have different effects on psychological measures and neural mechanisms. Furthermore, the effects of PS training have been investigated for only one type of PS training for most measures, particularly non-performance psychological measures. Thus, the list of uninvestigated issues is diverse. We particularly focus on three issues in this section.
First, PS training involving different stimuli and tasks has different effects, in particular cognitive domains, which are related to training tasks and stimuli. Furthermore, the adaptive procedures in PS training that modulate diffi culties based on a subject ' s performance by speeding up tasks (or shortening stimuli presentation) can be applied to many cognitive tasks, including emotional and affective tasks. Thus, various types of cognitive domains including social and affective components can be improved through specifi c speed training, but these specifi c training tasks are yet to be developed.
Second, the effects of PS training on the speed with which peak brain activity is attained and the duration for which brain activity lasts for each trial remain to be investigated. In the case of one form of training on multitasking (Dux et al. , 2009 ) , comparison of the brain activity response peak latency in a region of PFC indicated that the activity peaked 500 ms later under the dual task condition than under the single task condition prior to training. However, after training, no differences in the duration of brain activity were observed between the dual task and single task conditions, and these durations of activity for both conditions peaked earlier than those prior to training. These results indicate that training on multitasking reduces processing time in a region of PFC, leading to reduced dual task costs after training. In a similar manner, whether PS training reduces processing time and speed in relevant regions can be determined by analyzing the peak and duration of brain activity in those regions.
Finally, the effects of PS training on white matter structural integrity have not yet been revealed. Simple PS has a close relationship with white matter structural integrity as described above. Our previous studies of WM training revealed that a 2-month WM training program causes plasticity in the white matter structural integrity of related regions (Takeuchi et al. , 2010a ). However, a 1-week intensive PS training program consisting of paper and pencil PS training tasks, computerized simple PS tasks, and computerized rapid recognition tasks in young adults (Takeuchi et al. , 2011b ) did not cause changes in the white matter structural integrity (unpublished data). Thus, longer duration of training may be required to cause structural plasticity in the white matter structural integrity.
Conclusion
Various types of PS training tasks are available, and the effects of PS training on the tasks similar to the training tasks are robust. However, the effects on PS measures or speeded tasks, which are not similar to the training tasks, are observed occasionally but are not very robust. Furthermore, previous studies of PS training rather consistently failed to fi nd an effect of PS training on paper and pencil measures that measure cognitive functions other than PS or on non-speeded measures. However, this may depend on the type of training tasks. Moreover, a certain type of PS training improves driving-related measures and mental health in older adults. Neuroimaging studies of speed training have shown that the effects of speed training on neural mechanisms may vary depending on the training tasks and stimuli. Adaptive procedures to modulate diffi culties of training tasks based on the subject ' s performance by modulating the task speed can be applied to various cognitive tasks and, perhaps, these procedures can be used to develop training protocols for enhancing various cognitive functions.
